Simultaneous control of nanoscale surface morphology and composition remains a challenge in preparing bimetallic catalysts, particularly at the large scale required for industrial application and with high-surface-area substrates. Atomic layer electroless deposition (ALED) is a scalable approach to prepare surface-modified metal powders in which elements more noble than the surface hydrides of the substrate metal are deposited layer-by-layer in a surface-limited fashion. Herein we demonstrate that high-surface-area Pt powder is a viable substrate for controlled deposition of Pd adlayers using this technique, with the potential for large-scale preparation, for use in electrocatalytic and catalytic applications such as fuel cells and functionalization of petrochemical feedstocks. Two different growth mechanisms have been proposed based on bulk and surface Pd atomic fractions obtained from atomic absorption spectroscopy and X-ray photoelectron spectroscopy, respectively. Further, spectral simulations were performed to strengthen the proposed growth mechanisms, favoring conformal growth in initial deposition followed by island formation in subsequent cycles. Observation of multiple pathways suggests a means of controlling adlayer surface morphology of ALED materials, in which an initial cycle of deposition sets the fractional coverage and subsequent cycles tune adlayer thickness.
■ INTRODUCTION
Surface and near-surface alloys of Pt have been reported to improve the catalytic properties of Pt catalysts, having a wide range of applications in catalysis and electrocatalysis. 1−3 For example, the presence of a subsurface layer of Ni on a Pt catalyst has shown a 10-fold increase in oxygen reduction activity over the Pt alone. 4 Further, a Pd overlayer on Pt catalyst acts to mitigate surface poisoning during formic acid oxidation. 5 Many methods have been developed to prepare such bimetallic materials, most commonly wet impregnation 6−9 and atomic layer deposition (ALD). 10−12 Although the former strategy lacks compositional control, in the latter case, self-limiting reactions afford tunable, atomically thin adlayers, even in the case of high-aspect-ratio substrates. 13, 14 Disadvantages to conventional, gas-phase ALD include necessity for high-temperature and high vacuum conditions as well as a reliance on volatile precursors and low coverage per cycle. 15, 16 In addition to the conventional methods of preparing bimetallic materials, discussed above, electrochemical atomic layer deposition (e-ALD) is an approach in which a sacrificial layer, such as Cu or Pb, is deposited on a substrate that is then galvanically displaced by an adlayer metal of interest. 17−21 It has also been demonstrated that a sacrificial hydride layer can be formed electrochemically. 22−24 More recently, a technique that is complementary to e-ALD, known as electroless ALD, has received attention for several reasons. First, because it is carried out with solution-phase reagents rather than electrochemically, at the surface of a working electrode, it does not require the high-current electrical instrumentation that would be required for electrodeposition on high-surface-area substrates. This factor also improves scalability over electrochemical methods. Furthermore, in contrast to e-ALD, the substrate does not need to be conductive in the case of electroless deposition. One recent example of this approach involves leveraging the reducing power of solution-phase V 2+ ions to form monolayers of Pb, which are limited to the surface of the metal substrate. 25 These sacrificial Pb layers can then be galvanically replaced with the adlayer element of choice. In another example of electroless atomic layer deposition, a Pb auxiliary electrode is used to form monolayer deposits on a substrate working electrode without the need for a power source. 26 Although each of these approaches possesses a number of advantages, a means of preparing bimetallic materials in which the atoms present within a few nanometers of the surface are well-controlled, that can be carried out at the scale necessary for applications in catalysis and electrocatalysis, remains an important research goal. Recently, a method of atomic layer electroless deposition (ALED) was reported that shows excellent compositional control, and because the process is chemical rather than electrochemical, it is amenable to largescale implementation (Scheme 1). 27 It builds upon prior work using metal hydrides that grow overlayers upon themselves. 28 In ALED, elements more noble than the surface hydrides of the substrate metal are deposited layer-by-layer in surfacelimited fashion. The substrate is first charged with a controlled partial pressure of H 2 gas to chemically form a surface hydride. After terminating the flow of reagent gas, surface-limited reduction of an adlayer of a different metal is carried out by galvanic exchange of the surface hydride. The process can be repeated to grow thicker films of varying composition. ALED is a robust, scalable approach offering simultaneous control of surface morphology and composition to obtain a conformal growth on high surface area substrates. In comparison with the methods described above, it combines the favorable attributes of nanoscale compositional control, scalability, and a benign and easily removed hydride sacrificial layer that does not introduce contaminants to the prepared materials, such as Cu or Pb.
In previous studies, ALED has been carried out on Pd powder and Pd/C substrates. 27 Formation of a sacrificial metal hydride was limited to the surface of the substrate by controlling the partial pressure of hydrogen gas in nitrogen gas diluent, making use of the well-known thermodynamics of hydrogen absorption in Pd. Herein we demonstrate that this technique is not limited to Pd substrates and that the scope of ALED includes Pt as a substrate, with Pd as an adlayer metal. We describe details on the formation and stability of platinum surface hydrides, which act as precursors for the galvanic replacement reaction. 29 These sacrificial hydrides are limited to a single surface-equivalent during each cycle. Further, controlled adlayer deposition was carried out with varying numbers of cycles. A growth model for deposition is proposed, based on comparison of bulk atomic fractions of Pd and Pt obtained from atomic absorption spectroscopy (AAS), versus surface atomic fractions obtained from X-ray photoelectron spectroscopy (XPS). These observations are strengthened by spectral simulations of three plausible surface morphologies that would result from conformal and three-dimensional modes of adlayer deposition.
■ EXPERIMENTAL SECTION
Materials. Palladium powder, (0.35−0.8-μm, 99.95% metal basis), platinum powder (<3 μm, 99.9% metal basis), palladium wire (0.4 mm diameter, 99.9% metal basis), platinum wire (0.404 mm, diameter 99.9% metal basis), and sulfuric acid (99.999%) were purchased from Alfa Aesar. Potassium tetrachloropalladate was purchased from Strem Chemicals. Reagent gas (1% H 2 in N 2 ) was purchased from Praxair. All solutions were prepared with 18 MΩ cm deionized water. Reference electrodes (RE), Ag/AgCl in 3 M NaCl were obtained from BASI and stored in a vial containing 3 M NaCl.
Physical Methods. All electrochemistry was carried out using a Versastat 3 potentiostat (Ametek). Ag/AgCl (3 M NaCl) and Pt wire were used as reference electrode (RE) and counter electrode (CE). A Pd or Pt electrode was chosen as working electrode (WE). All the potential readings reported were taken with respect to Ag/AgCl RE (3 M NaCl) . The open-circuit potential (OCP) referred to hereafter is the potential of the working electrode relative to the reference electrode with no potential or current applied to the cell. At the start of each experiment, the potential of the reference electrode was checked by comparison with a pristine standard reference electrode Ag/AgCl 3 M NaCl.
ALED Method. A 50 mL 3-neck cell ("ALED cell") was filled with 35 mL of 0.1 M H 2 SO 4 and purged with N 2 prior to initial CV of WE Pt wire. The cell was then charged with 100 mg of Pt powder substrate and placed under efficient stirring. OCP was monitored for each ALED cycle, during an initial purge with nitrogen, whereas reagent gas flowed through the cell to effect surface hydride formation and maintain headspace composition during adlayer deposition. A flow rate of 4 mL/s was used, except where otherwise indicated, during purge and reagent gas flow. A near zero flow rate with controlled flow of nitrogen was used during deposition to maintain the cell under slight, static, positive pressure. Subsequent to hydride formation, the cell was left to maintain static pressure for 5 min prior to addition of adlayer solution. The adlayer K 2 PdCl 4 stock solution was purged with nitrogen for 30 min. prior to use. Aliquots of K 2 PdCl 4 (0.25 or 0.5 mL, 2.46−9.5 mM) were added depending upon the desired coverage of adlayer metal on substrate powder. For multiple cycles of ALED, the cell was once again purged with reagent gas to establish a stable hydride potential followed by addition of adlayer metal salt. After deposition, the prepared bimetallic materials (PtPd) were filtered, rinsed several times with deionized water, and dried overnight at room temperature under reduced pressure. Figure S1 . A gold-plated slide placed between Teflon blocks was used as WE, on which 10−15 mg of powder sample was placed. The powder was held in contact with the WE by pressing Fisher brand P8 grade filter paper with a Viton O-ring having 1.8 and 1.4 cm as outer and inner diameter, respectively. The filter paper was prepared to have a diameter slightly larger than the inner diameter of the O-ring but smaller than outer diameter. Sulfuric acid electrolyte (1 mL, 0.1 M) was subsequently introduced to the cell carefully to ensure no air bubbles were trapped in filter paper. The system was sealed with a septum and threaded with RE and CE by using a hollow leather punch set of respective appropriate size. The inlet and outlet gas tubing were accompanied by an 18-gauge BD PrecisionGlide needle.
The system was purged with nitrogen before analysis and measurements were carried out. The scan rate used was 1 mV/s. This slow scan rate was used to compare CVs of powder samples (compared with 100 mV/s scan rate for wire electrodes) because the surface area of powder electrodes was several orders of magnitude higher than that of the wire. Surface analysis was performed by X-ray photoelectron spectrometry (XPS) at the Material Characterization Laboratory in University of Massachusetts Lowell with a VG Scientific ESCALAB MKII using Mg Kα source with a photon energy of 1250 eV. The software program Casa XPS was used to integrate the area under the peaks after background subtraction to quantify the atomic concentration of metals present on the surface. The software program Simulation of Electron Spectra for Surface Analysis (SESSA) 30 was used to simulate XPS spectra with various surface morphologies. The atomic concentration was calculated by dividing peak intensities by respective peak relative sensitivity factors. 31, 32 The simulated peaks were obtained using default setups describing conformal and island formation growth of Pd on Pt substrate.
The bulk concentration of deposited Pd in ALED prepared materials was quantified by atomic absorption spectrometry (AAS) using PerkinElmer AAnalyst 100.
BET surface area 33 measurements were performed using a Micromeritics ASAP 2020 porosimeter. Nitrogen gas at 77 K was used as the adsorptive, and samples were degassed for 15 h at 50°C prior to analysis.
Scanning electron microscopy (SEM) was carried out using a Hitachi SU5000 field-emission electron microscope with the powder samples sprinkled onto carbon tape.
■ RESULTS AND DISCUSSION
Pt as a Substrate for ALED. Prior to powder deposition experiments, the dynamics of hydride formation on Pd and Pt wire were investigated ( Figure 1 ). Although differences between the behavior of a polycrystalline Pt wire and a polycrystalline Pt powder are to be expected, because of the much lower surface area and statistically differing distribution of crystallographic faces, 34 these experiments provide a useful framework for understanding the ALED process. The response of the OCP in the first 15 min reflects changes at the surface of the Pt WE after a 5 min purge of N 2 gas, followed by introduction of reagent gas. Flow of dilute hydrogen gas in nitrogen carrier gas causes (i) reduction of oxide present on the surface of Pt substrate which is shown by a steep fall in potential followed by (ii) formation of surface hydrides shown by a plateau of stable potential (approximately −0.2 V vs Ag/ AgCl). For Pt wire and Pd wire, the potential stabilized at −0.22 V and at −0.18 V, respectively, presumably because of differences in surface hydride energetics. 35 In the case of Pd wire, the OCP is stable during N 2 purge at 4 mL/s flow rate, whereas in the case of Pt wire, the potential increases rapidly with time at the same N 2 flow rate, demonstrating that hydrides formed on the surface of Pt wire are more labile than those formed on the Pd wire because of differences in surface, subsurface, and interstitial hydride quantities and ener-getics. 36, 37 An alternate hypothesis is that, in the case of Pd, dilute hydride formed in the bulk is slow to desorb. Nevertheless, these experiments confirmed that surface hydrides of Pt are sufficiently stable to persist for tens of minutes at low N 2 flow rates (green line, Figure 1 ) and for the duration of the experiment at static pressure (red line, Figure  1 ) facilitating galvanic displacement by Pd 2+ .
In contrast to the slow increase in OCP under nitrogen flow, an immediate increase was observed when an aliquot of excess K 2 PdCl 4 (2.46 mM, 0.25 mL) was introduced (blue line, Figure 1 ) indicating the consumption of surface hydride and presence of excess Pd 2+ in solution after galvanic reduction of Pd 2+ to Pd 0 by Pt−H. These experiments, in which Pt wire serves as a proxy for the Pt powder substrate, lay the groundwork for an ALED process in which adlayer deposition is limited to one surface equivalent (SE) by (i) placing the cell under static pressure of H 2 /N 2 gas in each cycle, after hydride formation and before addition of the adlayer metal salt and (ii) keeping the dose size to ≤1 SE of adlayer metal salt.
Stoichiometry for the Deposition of One Monolayer (ML) of Pd Metal on Pt Powder Substrate. Understanding the stoichiometry involved in galvanic replacement of PtH by reduction of Pd 2+ ions during ALED cycles is a key aspect of controlling surface composition. An initial hypothesis, assuming a 2:1 surface PtH:Pd 2+ stoichiometry, would provide a maximum possible surface coverage of 1/2 SE (eq 1). An OCP curve during an ALED titration of Pd powder, carried out to assess this hypothesis, is shown in Figure 2 . In a ACS Applied Nano Materials www.acsanm.org Article manner similar to that described for the Pt wire, 5 min of N 2 purge is followed by exposure to reagent gas (1% H 2 /N 2 ). The exposure of hydrogen gas in the ALED system reduces the oxides present on the surface of Pt powder, which is shown by a gradual decrease in potential with time, reaching a plateau at −0.2 V due to formation of surface hydrides. The time required to reduce the surface oxides on Pt powder is much higher than that of Pt wire, due to its higher surface area. With addition of each aliquot (0.25 mL, 2.46 mM K 2 PdCl 4 ), the potential rises because of galvanic replacement of surface hydride by adlayer metal as Pd 0 is deposited. The width of the orange box in Figure 2 corresponds to the number of aliquots resulting in one SE of Pd deposited based on the cumulative amount of Pd 2+ added. The OCP is expected to increase more steeply with addition of Pd 2+ once all surface hydrides have been consumed, and Pd 2+ accumulates in the cell. These data suggest that Pd 2+ deposits at a ∼1:1 Pd:Pt stoichiometry, rather than the expected 1:2 stoichiometry, indicating the presence of reducing equivalents beyond those formed in 1:1 surface hydride formation. This observation agrees with the bulk concentration of Pd in this sample, as determined by AAS, of 1.30 wt % (Figure 3 ), which is very close to the theoretical expectation for one SE of Pd deposition. To understand this large departure from the expected stoichiometry, several factors have been considered. First, physisorbed hydrogen, subsurface and subsurface-interstitial hydrogen present in the Pt substrate are not expected to contribute appreciably to the amount of reducing equivalents. 29,40−43 Second, there may be some uncertainty in our estimate of the powder surface area and literature values for density of surface Pd and H atoms. Third, literature reports of solubility of hydrogen gas in the electrolyte should limit its concentration to less than 0.05 SE. 44 Finally, we estimate the amount of hydrogen in the headspace to be about 0.5 SE and it is reasonable to expect that much of this will find its way to the powder surface on the time scale of the reaction. Overall, it is not surprising that one SE of Pd is deposited when a single cycle of hydride formation is followed by titration with Pd 2+ . The presence of headspace hydrogen is potentially helpful in preventing loss of surface hydride to side reactions, but this result highlights the need to manage its quantity carefully. ALED of Pd on Pt Powder. On the basis of the surface area of the Pt substrate and titration experiments above, the aliquot of adlayer metal salt added to prepared surface hydrides during each ALED was below one theoretical SE. This prevents accumulation of the metal salt in the electrolyte with successive cycles. In this way, deposition of Pd 0 by direct interaction with hydrogen gas in a manner not limited to the surface of the substrate was avoided. For these experiments, adlayer Pd 2+ solution was prepared to deposit 0.43 SE of Pd (0.5 mL of 9.5 mM K 2 PdCl 4 for 0.1 g of Pt) per cycle. OCP traces of one-cycle and three-cycle deposition of Pd on Pt powder are shown in Figure 4 . The flow of reagent gas was terminated and the adlayer metal salt was introduced under static pressure, causing the potential to increase with the galvanic displacement of surface PtH to reduce Pd 2+ to Pd 0 . For multiple ALED cycles, the reagent gas was again introduced to form surface hydrides followed by addition of an adlayer metal aliquot. A consistent increase in potential was obtained in successive cycles of the same size aliquot, suggesting that a similar quantity of surface hydrides was consumed. The maximum OCP observed in each cycle was <−0.1 V, suggesting all Pd 2+ was consumed in the galvanic replacement reaction.
The SEM of Pt powder substrate before and after ALED ( Figure 5 ) indicates no change in morphology due to the deposition process at the scale of several nanometers. Consistent with previous reports of ALED materials, 27 there is no evidence of dendrites larger than a few nanometers.
The bulk concentration of deposited Pd was determined using AAS for three samples with 1, 2, and 3 cycles of ALED and was consistent with the increase in number of cycles, as shown by the linear plot in Figure 3 . These results, obtained on samples that were completely digested in nitric acid prior to analysis, are consistent with expectations for the total amount of Pd added to 100 mg of Pt powder substrate (Figure 3 , inset). The efficiency of deposition observed here compares favorably to conventional ALD, in which many nucleation cycles are often necessary, with the quantity deposited per cycle is substantially lower. 16 The AAS data above confirm a linear increase in total Pd concentration with each cycle of ALED. In contrast, XPS analysis ( Figure 6 ) provides a surface-sensitive measure of Pd concentration. Because the mean-free path of both Pd and Pt photoelectrons is between 1.5 and 2 nm, the atomic concentration at the surface of prepared ALED of Pd on Pt powder can be probed. 45 The Pd 3d 5/2 , Pd 3d 3/2 , Pt 4d 5/2 , and Pt 4d 3/2 peaks were used to quantify the respective metal concentration on the surface. The atomic fraction of Pd was found to be 22% and 30% after deposition of 0.43 surface equivalents (one cycle) and 1.28 surface equivalents (three cycles), respectively. The large increase in atomic fraction Pd after the first cycle, followed by much smaller increases in subsequent cycles, in contrast to the linear increase in bulk Pd concentration measured by AAS, is indicative of a threedimensional growth mechanism after the initial deposition cycle. These data are consistent with conformal growth during initial deposition followed by island formation, as in the pseudomorphic Stranski−Krastanov mechanism, in which layer by layer growth of deposited metal dominates initially, followed by island growth after the formation of the first monolayer. 46, 47 The growth mechanism hypothesis above was further explored by comparing experimental data with simulated XPS spectra of various surface morphologies modeled with the Simulation of Electron Spectra for Surface Analysis (SESSA) software package. 30 Conformal Pd monolayers with a presumed thickness of 4 Å Pd on a Pt substrate with coverage ranging from 0.1 SE to 10 SE were simulated, along with island growth models in which, after an initial cycle of no more than one SE, additional adlayers deposit on previously deposited Pd metal instead of bare Pt substrate sites (Figure 7) . The slope of increasing atomic fraction Pd for the 0.3 SE-island growth model is shallower than for 0.6 SE, which is shallower than for conformal deposition, because conformal deposition leads to a larger fraction of Pd atoms within the ∼2 nm photoelectron mean free path. 45 The experimentally determined 22% Pd after one cycle most closely matches the simulated conformal deposition of approximately 0.6 SE ( Figure S2 ). On the other hand, after two additional cycles of equal aliquots, the Pd atomic fraction has only increased by 8%. This most closely matches the simulation of two additional cycles of 0.6 SE deposition and is Although this represents strong evidence for three-dimensional growth in cycles two and three, we note that there is no direct experimental evidence for conformal growth during the first cycle, because initially only substrate photoelectron attenuation can be observed. As such, though the simulated spectra are inconsistent with low fractional-coverage, high aspect-ratio growth (i.e., dendrites), some degree of three-dimensional growth in the first cycle cannot be ruled out. This proposed mechanism, in which the first deposition cycle sets the fractional coverage and subsequent cycles increase the adlayer thickness contrasts with that reported by recently by Dimitrov for the case of simultaneous H UPD /Pd SLRR. 23 In that case, a continuous monolayer forms by concomitant formation of the H UPD layer and SLRR galvanic displacement by Pd ions. Electrochemistry of Pt, Pt Powder, and Bimetallic Materials. The electrochemistry of single crystal and polycrystalline Pt with different ratios of low index faces is well-established. 48−50 Similar to these previous results, the CV of Pt wire in dilute, N 2 -purged sulfuric acid can be classified into three different potential ranges as shown in Figure 8a ; A hydrogen adsorption(H ads ) /desorption (H des ) or H upd region occurs between −0.2 and 0 V vs Ag/AgCl, a double-layer charging region is observed between 0 V and +0.25 V and oxidation/reduction of surface oxide occurs between 0.25 and 1.2 V. In the positive, forward scan, oxidation of hydrogen occurs on the surface of Pt wire, generating H + ions, and showing anodic H des peaks near −0.16 and −0.06 V vs Ag/ AgCl. In the negative, reverse scan, reduction of surface oxide occurs around +0.38 V followed by reduction of H + ion on the Pt surface showing cathodic H des peaks around −0.18 and −0.07 V and eventually H 2 evolution at lower potentials. In the early literature, these H des /H ads peaks were referred to as H w (−0.18 V) and H s (−0.07 V), corresponding to weakly and strongly adsorbed hydrogen. More recently, they have been accepted to arise from hydrogen adsorption at different crystallographic faces of Pt. 51, 52 The cathodic/anodic peaks in the CV of Pt wire near −0.18 and −0.07 V are attributable to H des /H ads at Pt (110) and Pt (100), respectively, consistent with previous studies. 53 CV of bulk Pt powder, on the other hand (Figure 8b) , is not well represented in the literature and its interpretation exhibits great diversity, presumably as a result of high surface area, varying particle size, and variations in the statistical distribution of crystallographic faces. 34, 50, 51, 54 In analogy to Pt wire, we assign the H ads /H des peak at the most negative potential (−0.2 V/-0.16 V) as Pt (110), whereas peaks near −0.13 V/−0.08 V correspond to Pt (100). The peak to the most positive potential is assigned to the more stable hydrides formed on Pt (111) at −0.03 V (Figure 8b) .
After one cycle of ALED, the features in the CV of Pt powder attributable to H ads /H des on (110), (100) and (111) crystallographic faces, are diminished and broader (Figure 9 ). This result is similar to previously reported Pd on Pt NC eletcrodes 53 and is consistent with coverage of Pt surface sites by Pd. Notably, the peak at highest potential, attributable to H ads /H des on the Pt(111) face, is completely absent after only one cycle of ALED, consistent with Pd deposition on the more stable H-UPD sites first (Figure 9 ). However, several features of the Pt surface are still evident, including a sharp feature at −0.17 V vs Ag/AgCl and several broad features. This is consistent with several distinct surface sites with differing M-H energetics. After three cycles of ALED, multiple features remain clearly evident, as the voltammogram gradually begins to resemble that of pure Pd (dotted line, Figure 9 ), with a broad desorption peak near −0.15 V vs AgCl. This is consistent with the spectroscopic analyses presented above, with an initial cycle of incomplete conformal deposition, followed by cycles of increasing thickness of Pd and some remaining Pt sites.
■ CONCLUSIONS
The data presented herein demonstrate that Pd adlayers are efficiently deposited on Pt using ALED in a controlled, scalable fashion. Two different growth mechanisms are proposed and supported by surface and bulk spectroscopy, spectral simulations and cyclic voltammetry, raising the intriguing possibility of tunable surface stoichiometry. These analyses ACS Applied Nano Materials www.acsanm.org Article provide a unified picture, whereby conformal deposition of Pd occurs in the initial cycle, followed by island growth in subsequent cycles. This understanding lays the groundwork for preparation of bimetallic catalysts having low fractional coverage of alloying metals, for applications in which mitigation of surface poison adsorption is necessary, 55 for example, versus high fractional coverage, conformal adlayers for applications where modulation of d-band energy is of interest. 56 Further, the chemical nature of sacrificial hydride layer formation in ALED renders it amenable to industrialscale production of these nanostructured bimetallic catalysts. Future work will focus on investigating these growth mechanisms in more detail, controlling morphology by first setting fractional coverage and then tuning thickness with subsequent cycles, and in establishing surface−structure/ function relationships by studying the reactivity of ALED catalysts.
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